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FOREWORD

The New Jersey Department of Health and Senior Ser-
vices (NJDHSS), with support from the Agency for
Toxic Substances and Disease Registry (ATSDR), is
conducting an epidemiologic study of childhood cancers
in Dover Township, Ocean County, New Jersey. In 1996,
ATSDR and NJDHSS developed a Public Health
Response Plan in cooperation with the Ocean County
Health Department and the Citizens” Action Committee
on Childhood Cancer Cluster. The plan outlines a series
of public health activities including assessments of
potential environmental exposures in the community. In
1997, ATSDR and NJDHSS determined that an epide-
miologic study was warranted, and that the study would
include assessments of the potential for exposure to spe-
cific drinking-water sources.

To assist the epidemiologic efforts, ATSDR developed a
work plan to reconstruct historical characteristics of the
water-distribution system serving the Dover Township
area by using water-distribution system modeling tech-
niques. The numerical model chosen for this effort,
EPANET 2, is available in the public domain and is
described in the scientific literature. To test the reliabil-
ity of model simulations, water-distribution system data
specific to the Dover Township area were needed to
compare with model results. Lacking such data, a field-
data collection effort was initiated to obtain pressure
measurements, storage-tank water levels, and system
operation schedules (the on-and-off cycling of wells and
pumps) during winter-demand (March 1998) and peak-

demand (August 1998) operating conditions. Using
these data, the water-distribution system model was cal-
ibrated to present-day (1998) conditions. ATSDR
released a report and a technical paper in June 2000
describing the field-data collection activities and model
calibration results.

Having established the reliability of the model and the
modeling approach, the model was used to examine (or
reconstruct) plausible historical characteristics of the
water-distribution system. For this purpose, monthly
simulations were conducted from January 1962 through
December 1996 to estimate the proportionate contribu-
tion of water from points of entry (well or well fields) to
various locations throughout the Dover Township area.

This report provides a comprehensive description of the
information used to conduct the analysis for the histori-
cal period and presents the following topics: (1) data
sources and requirements, (2) methods of analysis, (3)
simulation approaches, (4) selected simulation results of
the historical reconstruction analysis, and (5) the use of
sensitivity analysis to address issues of uncertainty and
variability of historical system operations. An electronic
version of this report is available over the Internet at the
ATSDR web site at URL: www.atsdr.cdc.gov. Readers
interested in a summary of this report should refer to the
“Summary of Findings” that is also available at the
ATSDR web site.
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ATSDR Agency for Toxic Substances and Disease Registry

CD-ROM Computer disc, read only memory

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act;
is also known as Superfund

Consumption The use of water by customers of a water utility; is also known as demand.

Direct measurement or

In a water-distribution system, consumption should
equal production if there are no losses through leaks or pipe breaks

A method of obtaining data that is based on measuring or observing the

observation parameter of interest.

EPA U.S. Environmental Protection Agency

EPANET 2 A water-distribution system model developed by the EPA

EPS model Extended period simulation model; a simulation method used to analyze a
water-distribution system that is characterized by time-varying demand
and operating conditions

Epidemiologic study A study to determine whether a relation exists between the
occurrence and frequency of a disease and a specific factor
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GA Genetic Algorithm; a method of optimization that attempts to find the most
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Historical reconstruction
in.

Link

Manual adjustment process

Master Operating Criteria

Maximum-demand month

A diagnostic analysis used to examine the historical characteristics
of a water-distribution system

Inch(s)
The representation of a length of pipeline section in EPANET 2

A modeling approach whereby a balanced flow condition is achieved through
the repeated modification and refinement of modeling parameters by
the analyst

Guidelines developed for operating a water-distribution system that
are based, in part, on hydraulic engineering principles

A time during a prescribed year when water usage is greatest; is also
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MGD
Mgal
mi

Minimum-demand month

Model node

NJDHSS
NPL

Pipeline junction
Point demand

Point of entry

Production

Proportionate contribution

PVC, PE, IPS
psi

Qualitative description

Quantitative estimate
SAN

Sensitivity analysis

Definition

Million gallons per day
Million gallons
Mile(s)

A time during a prescribed year when water usage is least; is also
known as a low- or winter-demand period

The representation of the end point of a section of pipeline in EPANET 2; is
also known as pipeline junction

New Jersey Department of Health and Senior Services

National Priorities List; the EPA’s official list of hazardous waste
sites which are to be cleaned up under the Superfund

Representation of the end point of a section of pipeline in EPANET 2; is
also known as model node

The spatial distribution of total consumption to pipeline or model
locations based on measured data such as metered billing records

The location where water enters a water-distribution system from a
source such as an aquifer, lake, stream, or river. For the Dover
Township area, the points of entry are the wells and well fields

The processing of potable water by a water utility and the delivery of the
water to locations serviced by the water-distribution system. In
a water-distribution system, production should equal consumption
if there are no losses through leaks, pipe breaks, or non-metered water usage.

The derivation of water from one or more sources in differing
proportions. The sum of the proportionate contribution at any
location in the water-distribution system should equal 100%

Types of plastic water pipelines
pounds per square inch

A method of estimating data that is based on inference or is
synthesized using surrogate information

A method of estimating data that based on using computational techniques
Styrene-acrylonitrile trimer

A method of characterizing or quantifying uncertainty and variability.
This involves conducting a series of model simulations, changing
specific parameter or constraint values, and comparing the effect of
changed parameter(s) or constraint(s) with reference to a base condition
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Definition of terms and abbreviations used throughout this report are listed below:

Term or
Abbreviation

Source-trace analysis

SNL

Steady-state model

SvocC

System operations

TCE
TIGER

UWTR
voC

Water-distribution system

WSTP

DISCLAIMER

Definition

A method used to identify the source of delivered water using a water-
distribution model. A source-trace analysis can be used to track the
percentage of water reaching any point in a water-distribution system over
time from a specified location or source

Supply-node-link simulation method

A simulation method used to analyze a water-distribution system that is
characterized by static or non-time-varying demand and operating conditions

Semi-volatile organic compound

The on-and-off cycling of wells and high-service and booster pumps and the
operational extremes of water levels in storage tanks over a 24-hour period

Trichloroethylene

Topologically integrated, geographic encoding and referencing system.
A database developed by the U.S. Department of Commerce that
describes in a digital format the locations of roadways, hydrography,
landmarks, places, cities, and geographic census boundaries

United Water Toms River, Inc.
Volatile organic compound

A water-conveyance network consisting of hydraulic facilities such
as wells, reservoirs, storage tanks, and high-service and booster pumps;
and a network of pipelines for delivering potable water

Well-Storage Tank-Pump simulation method

Use of trade names and commercial sources is for identification only and does not imply endorsement by the Agency
for Toxic Substances and Disease Registry or the U.S. Department of Health and Human Services.
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HISTORICAL RECONSTRUCTION OF THE
WATER-DISTRIBUTION SYSTEM SERVING THE
DOVER TOWNSHIP AREA, NEW JERSEY:
JANUARY 1962-DECEMBER 1996

by Morris L. Maslia,! Jason B. Sautner,! Mustafa M. Aral,?
Richard E. Gillig,1 Juan J. Reyes,1 and Robert C. Williams'

ABSTRACT

The New Jersey Department of Health and Senior
Services (NJDHSS), with support from the Agency for
Toxic Substances and Disease Registry (ATSDR), is
conducting an epidemiologic study of childhood leuke-
mia and nervous system cancers that occurred in the
period 1979 through 1996 in Dover Township, Ocean
County, New Jersey. The epidemiologic study is explor-
ing a wide variety of possible risk factors, including
environmental exposures. ATSDR and NJDHSS have
determined that completed human exposure pathways to
groundwater contaminants have occurred in the past
(through private and community water supplies) in some
parts of the community. To investigate this exposure,
ATSDR developed a water-distribution system model
specific to the Dover Township area using the
EPANET 2 software. Results obtained from the
model—the percentage of water derived from different
sources that historically supplied the water-distribution
system—are considered one of the risk factors in the
epidemiologic investigation.

The first step of the analysis was to calibrate the
model to present-day (1998) water-distribution system
characteristics using hydraulic and system-operations
data collected during March and August 1998. Results
of the 1998 field-data collection activities and model
calibration were described in a previous ATSDR report.
The second step of the analysis, and the subject of this
report, was the application of the calibrated model to
simulate operations during the historical period of Janu-
ary 1962 through December 1996. Hydraulic and
source-trace analysis simulations were conducted for

each month of the historical period (420 months) using
EPANET 2. Results of these model simulations are
reported herein in terms of the percentage contribution
of water from distribution system points of entry (wells
and well fields) to locations throughout the Dover Town-
ship area. Seven representative years are discussed in
detail—1962, 1965, 1971, 1978, 1988, 1995, and 1996.

Analysis of water production data indicated that the
historical water-distribution system could be character-
ized by three typical demand periods each year: (1) a
low- or winter-demand period, generally represented by
the month of February and designated herein as the min-
imum-demand month; (2) a peak- or summer-demand
period, represented by one of the months of May, June,
July, or August and designated herein as the maximum-
demand month; and (3) an average-demand period, gen-
erally represented by the month of October and desig-
nated herein as the average-demand month. The
historical production data indicate that considerable pro-
duction increases occurred in 1971, 1988, and 1995.

To simulate the distribution of water for each of the
420 months of the historical period, network configura-
tion, demand, and operational information were
required. Before 1978, operational data were unavail-
able. To compensate for this lack of critical information,
system-operation criteria were developed, and desig-
nated as the “Master Operating Criteria.” These criteria
are based on hydraulic engineering principles necessary
to successfully operate water-distribution systems simi-
lar to the one serving the Dover Township area. From
1978 forward—for selected years—operators of the

1Agency for Toxic Substances and Disease Registry, Atlanta, Georgia

2Georgia Institute of Technology, Atlanta, Georgia
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water utility provided descriptions of generalized oper-
ating practices for a typical “peak-demand” (summer)
and “non-peak demand” (fall) day. These guidelines
were used in conjunction with the “Master Operating
Criteria” to simulate a typical 24-hour daily operation of
the water-distribution system for each month of the his-
torical period.

For the period of the investigation, the physical
characteristics and potable water production capacity of
the distribution system changed considerably. In 1962,
the water-distribution system served nearly 4,300 cus-
tomers from a population of about 17,200 persons. As
characterized for modeling purposes, the water-distribu-
tion system consisted of: (1) approximately 2,400 pipe
segments ranging in diameter from 2 to 12 inches; (2) a
total service length of 77 miles; (3) three groundwater
extraction wells with a rated capacity of 1,900 gallons
per minute; and (4) one elevated storage tank and stand-
pipe with a combined rated storage capacity of 0.45 mil-
lion gallons. Annual system production was 359 million
gallons which included the production of about 1.3 mil-
lion gallons per day during the peak-production month
of May.

By contrast, in 1996, the last year of the historical
reconstruction period, the water-distribution system
served nearly 44,000 customers from a population of
about 89,300 persons. As characterized for modeling
purposes, the water-distribution system consisted of: (1)
more than 16,000 pipe segments ranging in diameter
from 2 to 16 inches; (2) a total service length of 482
miles; (3) twenty groundwater extraction wells with a
rated capacity of 16,550 gallons per minute; (4) twelve
high-service or booster pumps; and (5) three elevated
and six ground-level storage tanks with a combined
rated capacity of 7.35 million gallons. Total annual sys-
tem production was 3,873 million gallons which
included the production of about 13.9 million gallons
per day during the peak-production month of June.

In order to simplify the rigorous data requirements
needed to simulate the historical water-distribution sys-
tems, a surrogate or alternative method, designated
herein as the “supply-node-link” or SNL simulation
method, was devised. Using this method, balanced flow
conditions were maintained and the measured volumes
of monthly water production were used while avoiding
the need for detailed network operations data, which

were not available for most of the historical period.
Comparison of flow results obtained using the surrogate
SNL simulation method with measured flow data
obtained during August 1998 for the Holly and Parkway
treatment plants showed that the SNL method simulated
nearly identical flows to those measured.

Simulation of the proportionate contribution of
water from wells and well fields to selected network
locations in the Dover Township area, was accomplished
using the trace-analysis option of EPANET 2. Propor-
tionate contribution simulations were accomplished
using the “Master Operating Criteria” and manual
adjustment of model parameters. The parameters
adjusted were the on-and-off cycling patterns of wells
and the operational extremes of water levels in the stor-
age tanks. This modeling approach was designated the
“manual adjustment process.” In addition, the assump-
tion was made that a one-month period of operations
could be reasonably represented by a “typical” 24-hour
day for each month of the historical period.

Proportionate contribution simulations conducted
using the manual adjustment process illustrate the
increasing complexity and operational variability of the
distribution system throughout the historical period.
Simulation results for the maximum-demand months of
May 1962, June 1965, July 1971, June 1978, July 1988,
August 1995, and June 1996 for a pipeline location in
southeastern Dover Township (designated herein as
pipeline location D) exemplify the annual variation in
the contribution of water to this location and indicate the
following:3

* May 1962—100% of the water was provided by
the Brookside well (15);

* July 1971—30% of the water was provided by
the Holly wells (14, 16, 18, 19, and 21), 54% by
the Brookside well (15), 3% by the Indian Head
well (20), and 14% by the Parkway wells (22,
23,26, and 27);

* June 1978—25% of the water was provided by
the Holly wells (16, 18, 91, and 21), 42% by the

3Because of numerical approximation and roundoff,
contribution of water from all wells and well fields
may sum to slightly less or slightly more than
100%; see text for complete details.
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Brookside well (15), 4% by the South Toms
River well (17), and 30% by the Parkway wells
(22-29);

* July 1988—49% of the water was provided by
the Holly wells (21 and 30), 26% by the Brook-
side well (15), 11% by the South Toms River
wells 32 and 38), 14% by the Parkway wells
(22, 23, 24, 26, 28, and 29), and 1% by the Ber-
keley wells (33-35);

* August 1995—55% of water was provided by
the Holly wells (21, 30, and 37), 12% by the
Brookside well (15), 23% by the South Toms
River wells (32 and 38), 2% by the Parkway
wells (22, 24, 26, 28, 29, and 42), and 7% by
the Windsor well (40); and

* June 1996—66% of the water was provided by
the Holly wells (21 and 30), 2% by the Brook-
side well (15), 9% by the South Toms River
wells (32 and 38), 2% by the Parkway wells
(22, 24, 26, 28, 29, and 42), 4% by the Berkeley
wells (33-35), and 17% by the Windsor well
(40).

To address the issue of uncertainty and variability
of system operations, and specifically to test the sensi-
tivity of the proportionate contribution results to varia-
tions in model-parameter values, a set of alternate
operating conditions different from those determined
using the manual adjustment process were developed
and tested. Alternate operating conditions were simu-
lated using a Genetic Algorithm (GA) optimization
approach and were also required to satisfy the “Master
Operating Criteria” and to result in the satisfactory oper-
ation of the historical water-distribution system. Four
sets of hydraulic and operational constraints were con-
sidered for variation and analyses in order to determine
the effects of parameter variation on the simulated pro-
portionate contribution results. The constraints sub-
jected to variations were: (1) pattern factors assigned to
wells and supply nodes, (2) minimum pressure require-
ments at model nodes, (3) allowable storage tank water-
level differences between the starting time (0 hours) and
ending time (24 hours) of a simulation, and (4) daily
system operations represented by a “typical” 24-hour
day over a month-long period. For the first three types of
constraints, GA optimization methods were used to
determine sensitivity analysis results for the proportion-
ate contribution of water at all pipeline locations. These
results were compared with results previously obtained

using the manual adjustment process. For the fourth
type of constraint variation, the manual adjustment pro-
cess was used to obtain simulation results for the sensi-
tivity analysis.

Sensitivity analysis results indicate small variations
when comparing the proportionate contribution results
from the manual adjustment process to results obtained
using GA optimization methods. Analyses of differ-
ences in the simulation results show that the simulated
proportionate contribution of water from wells and well
fields is relatively insensitive to changes in system
hydraulic and operational constraints. For a 24-hour
period, the average percentage of water over all study
locations derived from all wells or well fields using
either the manual adjustment process or any of the GA
simulations does not vary appreciably. Statistical analy-
ses of the differences in simulated proportional contri-
bution results obtained using the manual adjustment
process and the sensitivity analyses show that differ-
ences are normally distributed for study locations, and
that, overall, the difference distributions were character-
ized by a mean, mode, and median of nearly 0% and a
standard deviation of less than 4%. As a consequence,
minor differences in the simulated proportionate contri-
bution of water between the manual adjustment process
and the sensitivity analyses indicate that there was a nar-
row range within which the historical water-distribution
system could have successfully operated to maintain a
balanced flow condition and satisfy the “Master Operat-
ing Criteria”.

To test the validity of the assumption that daily sys-
tem operations over a period of one month could be rep-
resented by a “typical” 24-hour day for each month of
the historical period, additional sensitivity analyses
were conducted using hourly operational data obtained
from the water utility for 1996. Month-long simulations
were conducted for February, June, and October 1996
which represented, respectively, the minimum-, maxi-
mum-, and average-demand months. When results for
the month-long simulations (averages over the month-
long period) were compared with results from the “typi-
cal” 24-hour day, differences in simulated proportionate
contribution of water to five pipeline locations—desig-
nated A, B, C, D, and E—were small. As an example,
for June 1996, the difference in the contribution of water
from the Parkway well field for the two methods of sim-
ulating the daily system operations were 0% for location
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A, 1% for location B, 4% for location C, 2% for location
D, and 3% for location E. Therefore, sensitivity analysis
assisted in confirming that the day-to-day operations of
the water-distribution system were highly consistent
over a month-long period (based on available 1996
hourly data) and could be represented by a “typical” 24-
hour operational pattern

The sensitivity analyses conducted as part of the
historical reconstruction of the water-distribution sys-
tem serving the Dover Township area indicate that: (1)
there was a narrow range within which the historical
water-distribution systems could have successfully oper-
ated and still satisfy hydraulic engineering principles
and the “Master Operating Criteria,” and (2) daily oper-
ational variations over a month did not appreciably
change the proportionate contribution of water from
specific sources when compared to a typical 24-hour
day representing the month.

Overall, the simulation results for the proportionate
contribution of water from wells and wells fields indi-
cate variation by time and location. However, the results
also show that certain wells provided the predominant
amount of water to locations throughout the Dover
Township area. The reconstructed historical water-distri-
bution systems and applied operating criteria—based on
the “Master Operating Criteria” and using generalized
water-utility information—are believed to be plausible
and realistic scenarios under which the historical 1962—
1996 water-distribution systems were operated.

INTRODUCTION

The Agency for Toxic Substances and Disease Reg-
istry (ATSDR), an agency of the United States Depart-
ment of Health and Human Services, under the
Comprehensive Environmental Response, Compensa-
tion, and Liability Act (CERCLA, also known as Super-
fund) is required to evaluate the public health threat of
hazardous waste sites using environmental characteriza-
tion data, community health concerns, and health out-
come data. In the spring of 1996, ATSDR and the New
Jersey Department of Health and Senior Services
(NJDHSS) initiated an investigation to address health
concerns of the Dover Township, Ocean County, New
Jersey, community. In particular, community members
expressed the concern that exposure to environmental
contaminants from the area’s hazardous waste sites,

including two National Priorities List (NPL) or Super-
fund sites (Figure 1, Plate 14) was related to the elevated
incidence of childhood leukemia and brain and central
nervous system cancers.

In 1997, NJDHSS and ATSDR began designing a
case-control epidemiologic study of childhood cancers
that occurred in Dover Township (Berry and Haltmeier
1997). In a case-control study, a population is delineated
and cases of diseases arising in that population over a
specified time period are identified. The exposure expe-
riences of the case group are compared to the exposure
experiences of a sample group of non-diseased persons
in the population from which the cases arose. The expo-
sure experiences that are more common among the dis-
eased cases may be considered possible risk factors for
the disease (Rothman and Greenland 1998).

The study is exploring multiple possible risk fac-
tors, including environmental exposures. ATSDR and
NJDHSS have determined that completed human expo-
sure pathways to groundwater contaminants have
occurred in the past through private and municipal water
supplies in some parts of the Dover Township area com-
munity (ATSDR 2001a,b,c,d). Therefore, one of the
environmental factors being evaluated is the past expo-
sure to certain previously contaminated drinking-water
sources.

To assist with the drinking-water exposure assess-
ment component of the epidemiologic study, ATSDR
developed a water-distribution model using the
EPANET 2 software (Rossman 2000) to reconstruct his-
torical patterns of water-supply distribution for the
period January 1962 through December 1996. The key
steps of this historical reconstruction analysis and the
location in this report where these key steps are dis-
cussed are shown in flow-chart format in figure 2.
Owing to the lack of pertinent historical information,
particularly the availability of spatially and temporally
distributed hydraulic and contaminant-specific data, the
water-distribution model was first calibrated to accu-
rately represent present-day (1998) Dover Township
area water-distribution system characteristics. Data uti-

“In this report some maps are shown in reduced size
as figures in the text. However, all maps are pro-
vided as full-size plates under separate cover.
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lized for this initial calibration were gathered during
March and August 1998. The reliability of the calibrated
model was tested by using the model to simulate the
transport of barium through the water-distribution sys-
tem. Barium is a naturally occurring, dissolved, conser-
vative element. Simulated barium concentrations were
compared to measured concentrations at 21 schools and
6 points of entry to the water-distribution system deter-
mined in March and April 1996. Comparison of mea-
sured and simulated barium concentrations at the 21
school locations showed a mean relative difference of
13.6%, with the range of differences being 0.6% to
25.6%. Additionally, comparison of the measured and
simulated barium concentrations showed a geometric
bias of 0.93, indicating a slight under prediction by the
model (1.00 indicates perfect agreement), and a correla-
tion coefficient of 0.81, indicating a high agreement
between measured concentrations and simulated values.
A complete description of the field-data collection activ-
ities, model calibration, and reliability test results were
described previously in an ATSDR report and technical
article (Maslia et al. 2000a,b).

In the second step of the historical reconstruction
analysis, and the subject of this report, distribution-sys-
tem networks were derived from diverse data sources for
the historical period of January 1962 through December
1996 (Figure 2). Given the paucity of historical contam-
inant-specific concentration data during most of the
period relevant to the epidemiologic study, ATSDR and
NJDHSS decided that modeling efforts should concen-
trate on estimating the percentage of water that a study
subject might have received from each point of entry
(well or well fields) to the water-distribution system
(Plate 2). Percentage contributions would be determined
at monthly intervals during the historical period. This
approach uses the concept of “proportionate contribu-
tion” described in Maslia et al. (2000a, p. 4) wherein at
any given point in the distribution system, water may be
derived from one or more sources in differing propor-
tions. The percentage or proportionate contribution of
water to locations in the distribution system from points
of entry then becomes a surrogate for exposure path-
ways and exposure intervals. This approach allows epi-
demiologists to more accurately assess the association
between the occurrence of childhood cancers and expo-
sure to each of the sources of potable water entering the
distribution system, including those known to have been

historically contaminated. A literature review of epide-
miologic investigations relating water-supply contami-
nation with health effects is provided in Maslia et al.
(20004, p. 3).

The configuration of the water-distribution system
serving the Dover Township area (number of pipelines,
wells, storage tanks, and high-service and booster
pumps) during the historical period has changed each
year (Table 1). For example, the 1962 water-distribution
system served nearly 4,300 customers from a population
of about 17,200 persons5 (Board of Public Utilities,
State of New Jersey 1962) and was characterized for
modeling by (Plate 3):

* approximately 2,400 pipe segments ranging in
diameter from 2 to 12 inches and comprising a
total service length of 77 miles;

* 3 groundwater extraction wells (2 well fields)
with a rated capacity of 1,900 gallons per
minute;

1 elevated storage tank and standpipe with a
combined rated storage capacity of 0.45 million
gallons; and

* total annual production of 359 million gallons
that included the production of about 1.3 mil-
lion gallons per day during the peak-production
month of May.

By contrast, in 1996—the last year of the historical
reconstruction period—the water-distribution system
served nearly 44,000 customers from a population of
about 89,300 persons (Board of Public Utilities, State of
New Jersey 1996) and was characterized for modeling
by (Plate 37):

e more than 16,000 pipe segments ranging in
diameter from 2 to 16 inches and comprising a
total service length of 482 miles;

>The number of customers refers to the number of
water-utility connections for metering and billing
purposes. All of the population was not necessarily
serviced by the water utility; some of the population
obtained their potable water from privately owned
groundwater wells—see “Background” section of
report for additional details.

Introduction 7



* 20 groundwater extraction wells (8 well fields)
with a rated capacity of 16,550 gpm;

* 12 high-service or booster pumps;

*3 elevated and 6 ground-level storage tanks
with a combined rated capacity of 7.35 Mgal;
and

e total annual production of 3,873 Mgal that
included the production of about 13.9 MGD
during the peak-production month of June.

A summary of the configuration of the water-distri-
bution system serving the Dover Township area during
the historical period is provided in Table 1. Some of the
data listed in Table 1 are presented and discussed else-
where in this report in greater detail. For example, the
number of pipeline segments and total pipeline miles are
presented in Appendix A, and the number of groundwa-
ter wells, number of well fields, and the rated capacity
of the groundwater wells are presented in Appendix B.

Because this report is considered a companion doc-
ument to the analysis of the 1998 water-distribution sys-
tem serving the Dover Township area—previously
described by Maslia et al. (2000a)—certain topics such
as water-distribution system model development and
data input requirements and terminology used by
EPANET 2 will not be described or provided herein.
Rather, these topics are thoroughly described and dis-
cussed in the earlier publication and the reader should
refer to that report for details. The focus of the current
report includes the following five aspects of the histori-
cal reconstruction analysis: (1) data sources and require-
ments, (2) methods of analysis, (3) simulation strategies,
(4) selected simulation results, and (5) the use of sensi-
tivity analysis to address issues of uncertainty and vari-
ability of historical system operations.

Because of the scientific complexity and length of
this report, some readers may prefer a summary of the
analyses presented herein. Accordingly, a “Summary of
Findings” report (ATSDR 2001f) has been prepared and
released by ATSDR. The summary report provides a
simpler and less technical description of the historical
reconstruction analysis. Because of the brevity of the
“Summary of Findings” report, presentation of some
topics, illustrations, and tables may have been modified
slightly in comparison to those contained in this com-
prehensive report. However, all information and conclu-
sions provided in the “Summary of Findings” report are
based solely on data and analyses contained herein. The

“Summary of Findings” report is also available over the
Internet at the ATSDR web site at URL:
www.atsdr.cdc.gov.

BACKGROUND

Contamination of groundwater resources in Dover
Township, Ocean County, New Jersey, including public
and private water-supply wells, was identified in the
1960s (Toms River Chemical Corporation 1966) and
subsequently documented in the 1970s (ATSDR
2001a,b,c,d). Water-quality analyses, conducted since
the mid-1980s, indicate that this contamination has gen-
erally consisted of volatile organic compounds such as
trichloroethylene (TCE) and semi-volatile organic com-
pounds such as styrene-acrylonitrile (SAN) trimer
(ATSDR 2001d). The reader is referred to the following
reports for a description and analysis of contamination
of groundwater resources in the Dover Township area:
ATSDR (1988, 1989, 2001a,b,c,d), Malcolm Pirnie, Inc.
(1992), Pinder, et al. (1992), and Sykes (1992, 1995,
2000). The primary source of potable water for the area
is groundwater and it is withdrawn primarily from the
shallow Kirkwood-Cohansey aquifer. To a lesser degree,
the deeper Piney Point and Potomac/Raritan/Magothy
aquifers are also used as sources for groundwater
(Maslia et al. 2000a, Table 1). Approximately 85% of
current Dover Township area residents are served by a
public water-supply system (as opposed to privately
owned domestic wells). Based on public health assess-
ments conducted for the Dover Township area, ATSDR
and NJDHSS have determined that completed human
exposure pathways to groundwater contaminants have
occurred through private and community water supplies
(ATSDR 2001a,b,c,d). Therefore, an analysis of the
potential for distribution of contaminants through the
water-distribution system was deemed necessary as part
of the exposure assessment component of the epidemio-
logical study.

Because the focus of the epidemiologic
investigation is on children, exposure at residential
locations is deemed the most important exposure
opportunity to investigate, although other exposure
opportunities, such as at schools and other public
facilities, may have occurred. Exposure to water sources
that study subjects received (well or well fields) from
the water-distribution system can be estimated using the
results of the historical reconstruction of water-
distribution system operations and residential histories.
Given the multiple number of wells and well fields in

8 Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area,
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the distribution system serving the Dover Township
area, the ability to track the percentage of water
originating from a well or well field was considered a
useful analytical tool to help estimate exposure. For the
current study, the EPANET 2 water-distribution system
model was applied in a diagnostic mode to reconstruct
historical water-distribution system operations. Prior to
conducting the historical reconstruction analysis phase
of the investigation, model simulation results were
compared to spatially and temporally varying field
measurements in order to better understand and quantify
the reliability of model predictions.

PREVIOUS INVESTIGATION

During the earlier phase of this investigation (Fig-
ure 2), ATSDR and NJDHSS gathered synoptic, system-
wide hydraulic and operational data in March and
August 1998 in order to characterize, as completely as
possible, the water-distribution system under present-
day operating conditions. Results of these field-data col-
lection activities and the water-distribution system
model calibration and testing are described in the report,
“Analysis of the 1998 Water-Distribution System Serv-
ing the Dover Township Area, New Jersey: Field-Data
Collection Activities and Water-Distribution System
Modeling” (Maslia et al. 2000a). Specifically, this report
describes the following activities:

* Data gathered during field tests conducted in
March and August 1998;

* The development, calibration, and testing of the
water-distribution system model (EPANET 2)
for present-day (1998) conditions;

* A constituent-transport simulation of a natu-
rally occurring conservative element, barium, to
further test the reliability of the model calibra-
tion; and

* The simulation of the proportionate contribu-
tion of water from wells and well fields to vari-
ous locations throughout the distribution
system under 1998 operating conditions.

Results of these activities support the assertion that:
(1) the model presented and described is calibrated and
is an acceptable and reliable representation of the water-
distribution system operations during 1998, and (2) that
constituent transport within the water-distribution sys-
tem is reasonably simulated by the calibrated model. A

more concise technical summary of the analysis is also
presented in Maslia et al. (2000b).

DESCRIPTION OF THE PRESENT-DAY (1998)
WATER-DISTRIBUTION SYSTEM

The Dover Township area water-distribution system
being analyzed has been operating since 1897 and is
currently operated by United Water Toms River, Inc.
(UWTR). It serves the residents of Dover Township,
New Jersey, and communities outside of Dover Town-
ship including the borough of South Toms River and a
portion of Berkeley Township (Figure 3, Plate 2). At the
end of 1998, the water-distribution system served
approximately 45,000 customers from a population of
about 94,000 persons. The distribution system consists
of (Board of Public Utilities, State of New Jersey 1998):

* 488.2 miles (mi) of mains, ranging in diameter
from 2 inches (in.) to 16 in.;

*3 elevated and 6 ground-level storage tanks
with a total rated storage volume of 7.35 mil-
lion gallons (Mgal);

* 23 municipal groundwater wells in 8 well fields
with a total rated capacity of 27 million gallons
per day (MGD) (18,750 gallons per minute
[gpm]); and

* 12 high-service or booster pumps.

A list and description of the present-day water-dis-
tribution system storage tanks, wells, and high-service
and booster pumps serving the Dover Township area is
provided in Maslia et al. (2000a, Table 1). As presently
configured, 9 wells discharge directly into the distribu-
tion system (wells 15, 20, 31-35, 38, 43); whereas, the
remaining 14 wells (21, 22, 24, 26, 28, 29, 30, 37, 39,
40, 41, 42, 44, 45) are used to fill storage tanks (such as
the Parkway well field ground-level or the North Dover
elevated). High-service and booster pumps are used to
supply the distribution system with water from the stor-
age tanks. Not all extracted groundwater receives the
same treatment. Components of the treatment system
may include filters; aeration; and the addition of lime,
chlorine, alum, or permanganate. The reason for this
treatment is for filtration, pH control, or purification
(Board of Public Utilities, State of New Jersey 1998).
The type of water treatment and the reason for the treat-
ment by well and well field is listed in Table 2.

Background 11
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Figure 3. Water-distribution system serving the Dover Township area,
New Jersey, 1998 (modified from Maslia et al. 2000a).
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Table 2. Type of water treatment used by the
present-day (1998) water-distribution system,
Dover Township area, New Jersey

[Data from Board of Public Utilities,

State of New Jersey (1998)]

Well or Well Well Type of Reason for
Field Name Number(s) Treatment Treatment
Holly 21, 30, 37 Filters Filtration
Aeration Filtration
Lime pH control
Chlorine Purification
Brookside 15,43 Filters Filtration
Aeration Filtration
Lime pH control
Chlorine Purification
South Toms 32,38 Lime pH control
River Chlorine Purification
Indian Head 20 Lime pH control
Chlorine Purification
Parkway 22,24, 26, Aeration Purification
28,29,39, Lime pH control
41,42, 44, Chlorine Purification
45
Route 70 31 Lime pH control
Chlorine Purification
Berkeley 33, 34,35 Lime pH control
Chlorine Purification
Windsor 40 Aeration Filtration
Lime Filtration
Chlorine Purification
Alum pH control

Permanganate Filtration

Diurnal or 24-hour demand for water in the Dover
Township area, as measured during the 1998 field-data
collection activities, is characterized by two typical
demand patterns. A minimum- or winter-demand pat-
tern, typical of data collected in March 1998 (Figure
4A), generally occurs from November through mid-
May, and a maximum- or summer-demand pattern, typi-
cal of data collected in August 1998 (Figure 4B), gener-
ally occurs during the summer season from the end of
May (Memorial Day) through September. The diurnal-

demand patterns obtained from the measured data in
1998 (Figure 4) were used to characterize the historical
diurnal-demand patterns for the historical reconstruction
analysis. Total water production during the historical
period was based on production information obtained
from the Board of Public Utilities, State of New Jersey
annual reports (1962-1996), NJDHSS data searches
(Michael P. McLinden, written communication, August
28, 1997), and water-utility databases (Flegal 1997).

An average demand can be approximated by taking
the mean of the minimum- and maximum-demand
period data. Based on field data collected in March and
August 1998 (Figure 4), the average demand is 11.7
MGD; whereas, the average demand for October 1998 is
11.8 MGD, based on data obtained from the Board of
Public Utilities, State of New Jersey (1998). Similar
computations using monthly water-production data
obtained from the annual reports of the Board of Public
Utilities, State of New Jersey (1962-1996) for every
month of the historical reconstruction period indicate
that October production consistently approximates the
average yearly production.

EXTERNAL EXPERT REVIEW

Throughout this investigation, ATSDR has sought
external expert input and review of this project. On
November 14, 2000, ATSDR convened an external
expert panel to review the approach used in conducting
the historical reconstruction analysis and to provide
input and recommendations on the preliminary model-
ing results (ATSDR 2001e). The panel was composed of
experts with professional backgrounds from government
and academia, as well as the private sector. Areas of
expertise included numerical model development and
simulation, hydraulic and water-quality analysis of
water distribution systems, model calibration, and
water-distribution system optimization. Panel members
considered the modeling approaches—a manual adjust-
ment process which conforms as closely as possible to
actual water-distribution system operations, and a
Genetic Algorithm (GA) optimization approach. The
experts indicated that these two approaches were techni-
cally sound given data limitations, and provided the fol-
lowing recommendations for enhancing the modeling
approaches and historical reconstruction analysis
(ATSDR 2001e):
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To identify past demand, ATSDR investigators
reconstructed the water-distribution system
assuming that past demand was proportional to
demand measured in 1998. Investigators should
review data to ensure that distribution lines
were not incorrectly assigned a demand during
the reconstruction analysis and to identify
major water users who may have initiated or
terminated demand during the historical period;

ATSDR investigators assumed that wells oper-
ated on a 24-hour pumping pattern. Although
other operating patterns were possible, this
assumption was consistent with available infor-
mation that described the water-distribution
system operations. Investigators should, how-
ever, consider how other on-and-off cycling
patterns may affect water-distribution patterns;

The GA approach derived pumping patterns
that allowed wells to operate at a fraction of
their pumping capacities. Fractional pumping
capacities were permitted to provide flexibility
to the GA approach and to achieve balanced-
flow operating conditions. However, a well is
either on or off. Therefore, investigators should
relax the pressure and storage tank water-level
requirements to increase simulation flexibility.
If relaxing these constraints increases flexibil-
ity, investigators should reassess water-distribu-
tion system patterns using pumping capacities
that more closely reflect the on-and-off cycling
of wells; and

Panel members suggested that investigators
conduct sensitivity analyses to determine if
other possible operating patterns would result
in vastly different water-distribution patterns.
Sensitivity analyses could be conducted by: (1)
applying the GA approach to water-distribution
data collected in 1998 to evaluate whether
predicted operating patterns match observed
operating patterns, or (2) applying the GA
approach to find an operating pattern as
different as possible from the operating patterns
used in the manual adjustment process and

assessing resulting differences in water-

distribution patterns.

The recommendations of the external expert panel
were implemented as part of the historical reconstruc-
tion analysis effort. Results of these efforts are presented
in conjunction with specific data needs, descriptions of
the historical reconstruction simulations, and sensitivity
analyses in the report sections that follow.

SPECIFIC DATA NEEDS

A simulation approach to the historical reconstruc-
tion of the water-distribution system in the Dover Town-
ship area required knowledge of the functional as well
as the physical characteristics of the distribution system.
Accordingly, six specific types of information were
required: (1) pipeline and network configurations for the
distribution system; (2) potable water-production data
including information on the location, capacity, and
time of operation of the groundwater production wells;
(3) consumption or demand data at locations throughout
the distribution system; (4) storage-tank capacities, ele-
vations, and water-level data; (5) high-service and
booster pump characteristic curves; and (6) system-
operations information such as the on-and-off cycling
schedule of wells and high-service and booster pumps,
and the operational extremes of water levels in storage
tanks. These data types are discussed in detail in this
section of the report.

DISTRIBUTION-SYSTEM NETWORK CONFIGURATIONS

The spatial configuration of the distribution-system
networks, pipeline characteristics, and in-service dates
of groundwater wells and elevated and ground-level
storage tanks were obtained from the water utility (Fle-
gal 1997) and the annual reports of the Board of Public
Utilities, State of New Jersey (1962-1996). For the
water-distribution system serving the Dover Township
area, pipeline, groundwater-well, and storage-tank loca-
tions are shown on an annual basis for the historical
period of 1962-96 on Plates 3 through 37. Selected
examples of historical network configurations for 1962,
1971, 1988, and 1996 are also presented in Figures 5
through 8, respectively.
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AR

| 7 (d/
’ LAKEWOOD TOWNSHIP *L//
_————

MANCHESTER gi /
TOWNSHIP f g
t/ BRICK TOWNSHIP
2 V)

N\
t
=

N
N .
N g
\\ '{,
g
T
Ry
\ L
LA 7
P
2 SH LT
Wells 1 14 i’ﬁ‘
ells 13, va .
LA B ~/
BERKELEY TOWNSHIP . (5'%‘(';
oSS TN Horner Street N
23,\;\‘” \\\«\ ~ | tank and standpipe A
0 1 2 3 MILES
EXPLANATION
[ Reich Farm NPL Site —— Water pipeline ® Municipal well
[ ] Ciba—Geigy NPL Site Major road A Storage tank
[ 1 Dover Township ————— Hydrography m, Pipeline location and letter.
Percent contribution is
[ Water body reported in text

(1) Water pipelines range in diameter from 2 inches to 12 inches

Notes:
(2) Roads, hydrography, and boundaries based on 1995 TIGER/Line data

Figure 5. Water-distribution system serving the Dover Township area, New Jersey, 1962.

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area,

16
New Jersey: January 1962—-December 1996



= p= i

——

| “\‘ /
LAKEWOOD TOWNSHIP 7#52
]

MANCHESTER
TOWNSHIP

BRICK TOWNSHIP \

“Z Silver Bay Well S
'fg ’\§\\, Silver Bay —
N 3
2
<
Q
Wells 14,16;
18,19,21
Holly Plant ‘ Y 4 . : S
ground level L7 oms River =
BERKELEY TOWNSHIP - cgl-‘\ oo
RN YN = . N
SO X ‘\\‘"l'r South Toms River S
3;36‘90 \\\‘t‘ a elevated A
Well 17 V)
(I) 1I I2 (? MILES
EXPLANATION

® Municipal well
/A Storage tank

B, Pipeline location and letter.
Percent contribution is
reported in text

—— Water pipeline

[ Reich Farm NPL Site
Major road

[ ] Ciba—Geigy NPL Site
[ 1 Dover Township
[ ] Water body

——— Hydrography

(1) Water pipelines range in diameter from 2 inches to 16 inches

Notes:
(2) Roads, hydrography, and boundaries based on 1995 TIGER/Line data

Figure 6. Water-distribution system serving the Dover Township area, New Jersey, 1971.

Specific Data Needs 17



7 X ]

MANCHESTER
TOWNSHIP /
/' Holiday City BRICK TOWNSHIP
, 2 ground level X
yd Y
o e
y qu—h,a
— ARE B -
o .ﬁdl‘-‘l'_“ . §W o D
ells 22,23, iy i"ﬂ@

|, 24,26,28,29

\\ RouLel37 | %
ground leve
\ g
2
u—‘l(" %:
X
Sy
Dy
ﬂ"v;:' z Wingslor I
A round leve
Gyt i
B
i
\&X Holly Plant ==
( "9 round I Toms Riv S
BERKELEY TOWNSHIP 158 '%"%:'\e (;”L:\{m;-’ q/0 <
O i N
carase SiSTilligy " South Toms River A
@ Wells 32,38
0 1 2 3MILES
EXPLANATION
[ Reich Farm NPL Site —— Water pipeline ® Municipal well
[ ] Ciba—Geigy NPL Site Major road /A Storage tank
[__] Dover Township ——— Hydrography ®, Pipeline location and letter.
Percent contribution is
[—] Water body reported in text

Notes: (1) Water pipelines range in diameter from 2 inches to 16 inches

(2) Roads, hydrography, and boundaries based on 1995 TIGER/Line data

Figure 7. Water-distribution system serving the Dover Township area, New Jersey, 1988.

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area,

18
New Jersey: January 1962—-December 1996



Y
|
]

North Dover e“e“ -
elevated ’ LAKEWOOD TOWNSHIP /"
_——

MANCHESTER
TOWNSHIP

ground level

" Holiday City BRICK TOWNSHIP \
N/

)
:

Z
5

/

7
(

U

\ Route 37 ;
ground level Q
g 3
& :
S x
R
= :\"//Q =
SN :
Ts .\I@,‘%}
Sl s RN
- :Z; :13:.[‘,'7‘;%&‘% Wingslor |
g a=d| SN ~Ee ground leve
7 '4’;&“:!-' y F;E‘:;ﬂ .'_'!:’n . \@ -
Y Wells 33, B %l#, ﬁ!E-EE'—“'\i?‘?ﬁ'—i S
34,35 ¢ g‘fﬁ%“«‘ = |||| )I'{;%”g
S Holly Plant” | ‘YW A o &4
(15X ground A Lm0 ms River
BERKELEY TOWNSHIP level, (AL S
“\‘i‘;\u South Toms River
33‘;&" \\\“~' O elevated
Wells 32,38
0 1 2 3 MILES
EXPLANATION
[ Reich Farm NPL Site —— Water pipeline ® Municipal well
[ ] Ciba—Geigy NPL Site Major road /A Storage tank
[__1 Dover Township ———— Hydrography B, Pipeline location and letter.
Percent contribution is
[ Water body reported in text

Notes: (1) Water pipelines range in diameter from 2 inches to 16 inches
(2) Roads, hydrography, and boundaries based on 1995 TIGER/Line data

Figure 8. Water-distribution system serving the Dover Township area, New Jersey, 1996.

Specific Data Needs 19



Pipeline characteristics such as the material type,
the year installed, length of pipeline segments, and the
range of diameters are listed in Appendix A, Tables A-1
through A-35. Because the pipeline database did not
specify the month of installation, an assumption was
made that the in-service date for the pipelines was Janu-
ary 1 of the installation year as obtained from the water
utility’s database.

Spatial and temporal distributions of water-
distribution system facilities also are illustrated on
Plates 3 through 37. Figures 5 through 8 assist in
showing that the complexity of the system increased
considerably over the time span of the historical period.
The distribution system expanded from the south-central
area of Dover Township along a northeasterly and
northwesterly direction (compare Plates 3 and 7). In
1962, the water-distribution system consisted of three
wells and one storage tank and standpipe combination
(Figure 5, Plate 3). As storage tanks and groundwater
wells were added, these facilities were brought online to
meet yearly maximum demand, which occurred from
the end of May (Memorial Day) through September. For
example:

e the 1967 water-distribution system (Plate 8)
shows the addition of well 20 (Indian Head)
and the Indian Hill elevated storage tank; and

* the 1971 water-distribution system (Figure 6,
Plate 12) shows the addition of the Parkway
well field that included wells 22, 23, 26, and 27,
and the Parkway ground-level storage tank.

Therefore, according to the water utility, these
additional facilities would have been operational after
the end of May 1967 and May 1971, respectively.

To meet increasing demand in the Berkeley Town-
ship area, the Route 37 ground-level storage tank was
added to the system in 1978 (Plate 19). To supply addi-
tional demand occurring in the northwestern area of
Dover Township, well 31 (Route 70) was added to the
system in 1980 (Plate 21). The Windsor ground-level
storage tank was added in 1982 to meet the growing
demand in the southeasternmost part of the distribution
system (Plate 23). By 1986, customer growth and
demand had increased substantially in the Berkeley
Township area serviced by the water utility, and two
additional supply wells, 33 and 34 (Berkeley) were

added (Plate 27). In 1988, well 35 was added to the
existing two wells serving the Berkeley Township area
(Figure 7, Plate 29), and in 1991, well 40 (Windsor) was
added to the system to meet increases in demand in the
southeastern part of Dover Township. The last storage
tank added to the water-distribution system during the
historical period was the North Dover elevated-storage
tank, and it was added in 1992 (Plate 33). Additional
supply wells were added to the Parkway well field to
meet increasing demand in 1993 (well 41, Plate 34) and
1994 (well 42, Plate 35). For the last year of the histori-
cal period, 1996, the water-distribution system (Figure
8, Plate 37) closely resembled the present-day system
(1998) shown on Figure 3 (Plate 2).

The pipeline data were carefully checked and qual-
ity assured. At some locations, duplicate pipeline seg-
ments were identified, and at other locations, a few
pipeline segments were missing from the original data-
base provided by the water utility. At these locations,
pipeline data for several years prior to and after the
period of interest were compared in order to reconcile
discrepancies. Such data discrepancies, however, gener-
ally accounted for less than 1% of all pipeline segments
for any one historical year.

The time distribution of total pipeline length by
material type and customer served is shown in Figures 9
and 10. The information shown in these figures are also
listed in Appendix A. The distribution by year of pipe-
line material types (Figure 9) is shown as a percentage
of total pipeline length. The graph shows that the distri-
bution system is composed of pipelines whose material
types are primarily asbestos cement (AC) and plastic
(PVC, PE, IPS). The percentage of pipeline segments
constructed of other material types, such as cast iron,
copper, ductile iron, or galvanized pipe, has historically
ranged between 7% in 1962 to about 2% in 1996 of total
pipeline segments. After 1980, an increase occurred in
the use of plastic pipe with a corresponding decrease in
the use of asbestos cement pipe. Year-by-year total pipe-
line length of the water-distribution system and the cor-
responding number of customers served are shown in
Figure 10. The increase in pipeline length and customers
served occurred at a nearly identical rate throughout the
historical period. Thus, as the number of customers
needing potable water increased from 1962 through
1996, so did the length of the pipelines in the water-dis-
tribution system serving those customers.
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To verify that pipelines located near the ends of the
distribution network were in use and delivering water to
customers (as opposed to being constructed in anticipa-
tion of future use), historical aerial photographs of the
Dover Township area were obtained from the Ocean
County, New Jersey, Planning Board (Scott M. Cadigan,
written communication, December 4, 2000) and from
IntraSearch, Inc. (Jerry T. Flickinger, written communi-
cation, July 11, 2001). Eight of the photographs shown
in this report (Plates 38—45) are overlain with water
pipelines and other features in the Dover Township area
for 1963, 1965, 1968, 1972, and 1976.

The aerial photographs reproduced on Plates 38 and
39 show areas serviced by the water utility during 1963.
The photographs were taken in June 1963 and show the
central (Plate 38) and west-central (Plate 39) areas of
Dover Township. Houses and buildings can be seen in
the photographs along the water pipelines at the ends of
the pipeline network. These photographs provided evi-
dence that, in 1963, the water-distribution system was
servicing customers located near the ends of the net-
work pipelines.

The aerial photographs reproduced on Plates 40 and
41 show the areas serviced by the water utility during
1965. The photographs, taken in April 1965, show the
central area (Plate 40) and northeasternmost area (Plate
41) of Dover Township. Houses and buildings can be
seen along and near the ends of the water pipelines.
Such associations provide additional photographic evi-
dence that the water-distribution system was servicing
customers in 1965 located near the ends of the pipeline
network.

The aerial photograph reproduced on Plate 42
shows the southwestern area of Dover Township ser-
viced by the water utility during 1968. Houses located
next to the water pipelines can clearly be seen in the
photograph, thereby providing additional photographic
evidence that the water pipelines were servicing these
residences in response to demand.

An aerial photograph of the northern area of Dover
Township, taken in April 1972, is reproduced on Plate

Aerial photographs for the northeasternmost and
western parts of Dover Township are reproduced on
Plates 44 and 45, respectively, and are overlain with the
1976 water pipelines. Residences and buildings can be
clearly seen next to the water pipelines at the extremities
of the pipeline network, again providing photographic
evidence that customers near the ends of the pipeline
network were being serviced by the water utility. Fur-
thermore, the photographs reproduced on Plates 44 and
45 show residences and buildings located beyond the
extent of the 1976 pipeline network. Plates 44 and 45
provided photographic evidence that demand for water
existed in these locations prior to the extension of the
pipeline network to service customers. After reviewing
aerial photographs like the ones reproduced on Plates 38
through 45, and following discussions with water-utility
managers, ATSDR investigators concluded that the net-
work of water pipelines was expanded based upon exist-
ing demand, rather than constructing water pipelines in
anticipation of demand. Thus, for the historical recon-
struction analysis, it was assumed that all pipeline seg-
ments at the extremities of the water-distribution system
were delivering water to customers to meet demand.

PRODUCTION DATA

Water-production data—volumes produced and
hours of operation for groundwater wells—were gath-
ered, aggregated, and analyzed for each well for every
month of the historical period (420 months), and these
data are listed in Appendix B (Tables B-1 through B-
35). Production data were obtained from the water util-
ity (Flegal 1997), annual reports of the Board of Public
Utilities, State of New Jersey, (1962-1996), and
NJDHSS (Michael P. McLinden, written communica-
tion, August 28, 1997). Well-production volumes were
measured using in-line flow meters at water-supply
wells (George J. Flegal, Manager, United Water Toms
River, Inc., oral communication, August 28, 2001). Also
listed in Tables B-1 through B-35 are well-identification
numbers, the rated capacity of wells, the gallons of
water the wells produced each month of the year, and
the average number of hours each day a well operated.
To determine the average number of hours each day a
well operated, the following formula was used:

43. Overlain on the photograph are water pipelines 0p

showing the northern extent of the pipeline network. 7 =— (1)
Residential communities can clearly be seen in this area wE (CW xT xT d)

being serviced by the northern extremities of the pipe-

line network. where:
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= average time a well was operated, in

avg
hours per day;

Op = production of water, in gallons per
month;

C, = rated capacity of the well, in gallons per
minute;

T,, = number of minutes per hour (60); and

T, = number of days per month (28, 29, 30, or

31D).

For each well listed in the tables in Appendix B, the
top row provides the reported gallons of water produced
for a particular month and the bottom row indicates the
average number of hours each day a well operated for
the particular month, determined by applying Equation
(1). The estimation of the average hours per day that a
well was operated ( 7, avg ) Was based on the assumption
that the well operated at its rated capacity.

Upon reviewing the data in Appendix B, the mini-
mum production month is typically February, the aver-
age (or mean) production month is typically October,
and the maximum (or peak) production month is either
May, June, July, or August. Figure 11 is a graphical
summary of the production data in Appendix B for each
year of the historical period (1962-96). The graph
shows the minimum, mean, and maximum production
for each year as a series of bars. The production values
shown on the graph were derived by dividing the
monthly production data (Tables B-1 through B-35) by
the number of days in the month in which the minimum,
mean, or maximum production occurred. For example,
total water-distribution-system production for February
1964 was 30,432,000 gal of water (Table B-3). Dividing
the production by 29 (the number of days in the month
for February 1964) provides a value of 1.0 Mgal which
is the value of the minimum-value bar for 1964 in Fig-
ure 11. Minimum and mean production values generally
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Figure 11. Minimum, mean, and maximum annual production of water, Dover Township area,

New Jersey, 1962—-96.
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Figure 12. Three-dimensional
representation of monthly production
of water, Dover Township area,

New Jersey, 1962—-96.
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show increases of similar rates throughout the historical
period. However, the maximum production for certain
years peaks or “spikes” noticeably throughout the his-
torical period (for example, 1971, 1980, 1988, and
1995), as shown on Figure 11.

Monthly production data also can be represented
graphically as shown in a three-dimensional plot (Figure
12). Referring to this plot, the x-axis is the year (1962—
96), the y-axis is the month (January—December), and
the z-axis is the total monthly production in million gal-
lons. Maximum production of water is shown to occur
in the months of May, June, July, or August. In addition,
considerable production increases are shown to have
occurred in 1971, 1988, and 1995. These years are char-
acterized on the plot by sharp peaks. The graph also
shows that a small peak occurred in November 1989
when production for the month increased substantially
(see Table B-28).

pssY
““‘\‘ ‘\“‘ﬂ‘,‘
“““ “\““\\

MONTHLY PRODUCTION,
IN MILLION GALLONS

B

%

As previously discussed, the rated capacity of the
groundwater wells that historically were used for pro-
duction was required to compute the average number of
hours each day a well operated (Equation [1]). The rated
capacity for each well that historically was part of the
water-distribution system is also listed in Tables B-1
through B-35. These data are summarized in Figure 13
as a series of bars, with each bar representing the total
rated capacity of all wells in the water-distribution sys-
tem for each year of the historical period.

Data listed in the tables of Appendix B are grouped
by well number and well field or points of entry to the
water-distribution system (for example, Holly wells,
Parkway wells, Berkeley wells). Using production data
in Tables B-1 through B-35, the percentage of water pro-
duced by each well field (or individual well such as well
15 (Brookside), well 20 (Indian Head), well 31 (Route
70), Silver Bay well, and Anchorage well) relative to the
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Figure 13. Groundwater-well capacity, Dover Township area, New Jersey, 1962—-96.

total production of water for each year of the historical
period was computed. The percentage of production is
shown in Figure 14 as a series of pie charts, with each
pie chart representing the total production in million
gallons for each year of the historical period. The size of
the individual pie chart is proportional to the total
annual production. The different slices of a pie chart
represent the percentage of water produced by a well or
well field for a given year. Using information in Figure
14, relative changes over time in the production of water
from all well and well fields to the water-distribution
system can be determined. For example:

* /962—The total production of water was 359
Mgal. The Brookside well (15) produced about
70% of the total production and the Holly well
field (wells 13 and 14—see Table B-1) pro-
duced the remaining 30% of the water.

* 1971—The total production of water was 1,449
Mgal. The Holly well field (wells 14, 16, 18,
19, and 21—see Table B-10) produced about
50% of the total production, the Brookside well

(15) produced about 20%, and the remaining
30% of the total production was evenly distrib-
uted between the South Toms River well (17),
the Indian Head well (20), the Parkway wells
(22, 23, 26, and 27), the Silver Bay well, and
the Anchorage well.

1988—The total production of water was 3,441
Mgal. The Parkway wells (22, 23, 24, 26, 28,
and 29—see Table B-27) produced about 30%
of the total production, the Berkeley wells (33,
34, and 35) produced about 30%, the Holly
wells (21 and 30) produced about 20%, the
Route 70 well (31) produced about 10%, and
the remaining 10% of total production was pro-
duced by the Brookside well (15), the South
Toms River wells (32 and 38), and the Indian
Head well (20).

1995—The total production of water was 3,985
Mgal. The Parkway wells (22, 24, 26,28, 29,
39,41, and 42—see Table B-35) produced
about 35% of the total production, the Berkeley
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359 436 529 573 670 722 960

1962 1963 1964 1965 1966 1967 1968
1,152 1,176 1,449 1,625 1,780 1,859 1,854
1969 1970 1971 1972 1973 1974 1975
2,195 2,280 2,191 2,266 2,482 2,364 2,433
1976 1977 1978 1979 1980 1981 1982
2,703 2,764 2,836 3,043 3,166 3,441 3,372
1983 1984 1985 1986 1987 1988 1989
3,262 3,410 3,395 3,706 3,742 3,985 3,873
1990 1991 1992 1993 1994 1995 1996
3,395 ——— Production, in million gallons
Silver Bay Holly
Greater than 3,000 Anchorage Brookside (15) Name is well or well field. Num-
2,000 to 3,000 ber in parenthesis is individual
Windsor South Toms River  Well number. Anchorage and
1,000 to 2,000 Silver Bay wells not assigned a
number by water utility. See text
Less than 1,000 Berkeley Indian Head (20) for information on specific wells
Route 70 (31) Parkway in operation
1992 ————— Year of production

Figure 14. Annual production of water by well or well field, Dover Townshipship area, New Jersey, 1962—-96.

26 Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area,
New Jersey: January 1962—December 1996



wells (33, 34, and 35) produced about 30%, the
Holly wells (21, 30, and 37) produced about
10%, the Route 70 well (31) produced about
10%, and the remaining 15% of total produc-
tion was produced by the Brookside well (15),
the South Toms River wells (32 and 38), the
Indian Head well (20), and the Windsor well
(40).

The percentage of the total annual production of
water listed in these examples was estimated by inspec-
tion of the pie charts in Figure 14. For a more precise
derivation of the percentage of production of water by
well or well field, readers should refer to the production
data listed in Tables B-1 through B-35 and compute the
percentages using these data.

ESTIMATION AND DISTRIBUTION OF HISTORICAL
CONSUMPTION

For the purpose of the historical reconstruction
analysis, the total monthly well production described
previously (Tables B-1 through B-35) is considered also
to represent total water consumpti0n6. Water-consump-
tion data applied to the EPANET 2 model, however, are
not total consumption data, but a component or frac-
tional part of total consumption at each pipeline junction
or node of the pipeline network’. Each pipeline node
represents a demand point within the pipeline network®.
The sum of the component demands applied at each
pipeline node for each of the 420 months of the histori-
cal period equals the total production for that month. A
total of 2,272 nodes were used to represent the pipeline

®In a water-distribution system, consumption should
equal production if there are no losses through
leaks, pipe breaks, or non-metered consumption.
The water utility estimated that annual losses in the
UWTR system were less than 10% of total produc-
tion (ATSDR 1999, p. 31). For the purpose of the
historical reconstruction analysis, and the intended
use of model simulations, these losses were consid-
ered negligible.

"The EPANET 2 model uses the “Node-Link” con-
cept to represent pipeline junctions and segments
associated with a pipeline network. In EPANET 2
terminology, pipeline junctions or model nodes are
used to represent the end points of a section of pipe-
line and a link is used to represent the length of a
pipeline section.

network in 1962 (Table A-1). By 1996, the number of
nodes needed to represent the pipeline network had
increased to 14,965 (Table A-35). A unique feature of
the historical reconstruction analysis is the methods and
approaches developed to spatially distribute a compo-
nent of total monthly production to these nodes’. These
methods and approaches are described in the following

pages.

Data for historical consumption necessary for simu-
lation consisted of two components—monthly volumes
(quantity) and spatial distribution (location). Metered
consumption data (quantity and location), obtained from
the water utility, were available solely for the present-
day (1998) water-distribution system on a quarterly
basis for October 1997 through April 1998 (Maslia et al.
2000a, p. 34). Details of the allocation of 1997-98
metered consumption to model nodes are described in
the aforementioned report. The spatial distribution of
demand at pipeline junctions for the 1998 pipeline net-
work is shown on Plate 7 of Maslia et al. (2000a). Val-
ues of metered consumption for the 1998 water-
distribution system assigned to individual nodes ranged
from 0.001 gpm to about 9.0 gpm with a mean of about

8In some water-distribution system analyses, the
terms consumption and demand are used inter-
changeably. In this report, however, consumption
will refer to those data derived from direct metering
of either groundwater production or customer usage
of water. Demand will refer to the fractional com-
ponent of consumption that is applied to the
EPANET 2 model at pipeline node locations.

Each node in the pipeline network is not necessarily
assigned a demand value that is derived from water-
distribution system production. Some nodes do not
have an associated demand value because of their
location in the pipeline network (zero-demand
value assigned in EPANET 2). Other nodes are used
to represent groundwater-well production and sup-
ply to the water-distribution system (negative-
demand value assigned in EPANET 2). For the 35
annual pipeline networks used for the historical
reconstruction analysis (Plates 3 through 37), the
percentage of positive-demand nodes (those nodes
to which a component of monthly consumption was
spatially distributed) relative to the total number of
nodes in the pipeline network was about 90%.
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0.4 gpm. To complete the historical reconstruction anal-
ysis, the demand at each node for each of the 420
months of the historical period (1962-96) was required.
With the exception of the present-day (1998) system,
metered data or any other type of demand-point con-
sumption were unavailable. Therefore, some method of
estimating both the volume and the spatial distribution
of consumption for each historical pipeline network on a
monthly basis was required.

Estimation of Historical Consumption

A hypothetical present-day distribution-system net-
work is shown in Figure 15. The total production or sup-
ply to the system (Qp) is known, and data describing
total consumption and its allocation throughout the dis-
tribution-system network (point-demand values at pipe-
line nodes) are available from billing records and field
observations. That total production must equal total con-
sumption is also a requirement of the water-distribution
system and, for this example, is assigned at a rate of 10
gpm. Therefore, the following conditions must apply:

Op

total well production (obtained from well
production data), in gallons per
minute,
demand at node i (estimated from
metered billing records), in gallons per
minute,

total of nodal (customer) demand, in
gallons per minute,

Op =

total number of demand nodes in the
present-day network.

NNp

A hypothetical historical distribution-system net-
work (Network (A)) is shown in Figure 16. A compari-
son of the historical Network (A) with the present-day
network (Figures 15 and 16) indicates that the historical
network has fewer pipelines and nodes than the present-
day network. Total production (Qp) for the historical
Network (A) is known and is assigned at 7.5 gpm (Fig-
ure 16). Accordingly, total production, and thus total
demand for the historical network, are known. What
must be estimated are the demand-point values at the
historical network nodes. In Figure 16, the top number

QP = 10 at each of the nodes is the present-day point demand
(compare Figure 16 with Figure 15). Note, that the sum
NN P of the present-day demand values using the remaining
0p= E q,= 10 (2)  nodes of historical Network (A) is 8.2 gpm (top num-
= bers in Figure 16). To estimate the historical demand
(bottom numbers at the nodes in Figure 16) consider the
~Op=0p following:
where:
Qp
.1 .0 0.2 0.1 0.1 0.1 10.0
0.2 0.1 0.1 0.1 0.1 EXPLANATION
01 0 ngand nodg—Number
0.2 0.1 0.1 0.1 0.1 is demand, in gallons per
minute. In EPANET 2,
0.2 0.1 0.1 01 01 demand assigned as
o positive value
1.0 0.2 0.1 0.1 0.1 0.2 p
10 0l Productiop (supply). node—
’ Number is production,
Ps ® P P in gallons per minute.
1.0 0.5 0.5 0.5 In EPANET 2, production
assigned as negative value
.1 .0 ‘0-5 '0-5 0.5’

Figure 15. Hypothetical present-day network with spatial distribution of demand and production.
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710 0.2 75 EXPLANATION
0.91 0.18 0.1 .
0.09 ® 5 Demand node—Number is
0.1 091 demand, in gallons per minute.
0.09 Top number, hypothetical
01 present-day.network. Bott.om
0.09 number, revised hypothetical
historical network. In EPANET 2,
‘1 0 ‘0_2 '0.1 ‘0'1 '0_1 02 demand assigned as positive
0.91 0.18 0.09 0.09 0.09 0.18 value
Qp .
758 Production (supply) node—
‘1 0 ‘0.5 ‘0_5 0_5' Number is production,
0.92 0.46 0.46 0.46 in gallons per minute.
1.0 05 05 05 In EPANET 2, production
‘0_92 '0.46 '0.46 0.46' assigned as negative value
Figure 16. Historical Network (A) with spatial distribution of demand and production.
where:
0 P, 7.5
NN, 3) q; = historical demand at node i for Network
~ -5 4 (A) in gallons per minute, and
% = Z 9i (present-day) = > O = total historical nodal (customer) demand
i=1 4 for Network (A), in gallons per minute.
The estimated nodal values of demand for historical
where: Network (A) are shown in Figure 16 (bottom numbers at
0 ) o each node). The sum of all point demands at these nodes
Py = well pr'oductlon for hl'StOI'ICEil Network is now equal to the historical production of 7.5 gpm. It
(A), in gallons per minute, and should be noted, that because of numerical rounding,
NN, = total number of demand nodes in histori- some minor adjustments were made to individual nodal

cal Network (A).

However, the sum of the nodal demands (Qp,) for
historical Network (A) must equal the production ( QPA )
for Network (A). Therefore, the present-day nodal
demands (top numbers in Figure 16) are reduced in
value by the ratio of the historical Network (A) produc-
tion to the remaining present-day nodal demands
(QPA /Qp = 7.5/82), or:

qu = 4; (present-day) x(7.5/8.2)

NNy “

0, = E g; ~ 75
A ] A (historical)

i=

values after multiplying by the ratio of (7.5/8.2) so that
the sum of all the nodal demand values exactly equaled
the production of 7.5 gpm.

An alternative historical distribution-system net-
work, hypothetical Network (B) is shown in Figure 17,
which, for these purposes, is assumed to have existed
prior to historical Network (A). Comparison of histori-
cal Network (B) with historical Network (A) (Figures 17
and 16, respectively) indicates that Network (B) con-
tains fewer pipelines and fewer nodes than Network (A).
To estimate the consumption, the same procedure
described previously is applied, except that historical
Network (B) is used. Note that in the estimation proce-
dure, for each historical network (whether hypothetical
or actual), the initial demand values at the nodes (prior
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Qp
EXPLANATION

®, o Demand node—Number is
0.78 demand, in gallons per minute.
Top number, hypothetical
present-day network. Bottom
number, revised hypothetical
historical network. In EPANET 2,

oo
O —
[e0)

demand assigned as positive
value

Q
pl Production (supply) node—

(oo}

o= O=
o ~o

oo
oo oo

wor o
©

©

5.0 Number is production,
in gallons per minute.
In EPANET 2, production
assigned as negative value

Figure 17. Historical Network (B) with spatial distribution of demand and production.

to modification) are always the ones associated with the
present-day system (Figure 15). This condition is
applied because present-day demands were the only
available measured (or metered) demand values. Apply-
ing the demand estimation procedure described previ-
ously to Network (B), the total well production (Qp) is

However, the sum of the nodal demands (Qp) for
historical Network (B) must equal the well production
(QPB ) for Network (B). Therefore, the present-day
nodal demands (top numbers in Figure 17) are reduced

in value by the ratio of the historical production to the

assigned as 5.0 gpm. In Figure 17, the top number at remaining present-day nodal demands
each of the nodes is the original hypothetical present- (Qp /Qp = 5.0/64),or:
day nodal demand (Figure 15). Note, that the sum of the B
present-day demand values using the remaining nodes
of historical Network (B) is 6.4 gpm (top numbers at the
nodes in Figure 17). To estimate the historical demand 9 = igpresent-day) (5.0/6.4)
(bottom numbers at the nodes in Figure 17) consider the 'B Hpreseni-day,
following: NN )
0, = E g ~ 5.0
Qp =50 DB 4 'B (historical)
B i=1
NN
B ) where:
QD = E 4; (present-day) ~ 6.4
i=1 q; = historical demand at node i for Network
B (B) in gallons per minute, and
where: o
Op = historical nodal (customer) demand for
B . .
0p = well production for Net-work (B), in Network (B), in gallons per minute.
B .
11
gallons per minute, and The revised nodal values of demand for Network
NNg = total number of demand nodes in histori- (B) are the bottom numbers at each node, shown in Fig-

cal Network (B). ure 17. The sum of these nodes is now equal to the his-
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torical production of 5.0 gpm. Because of numerical
rounding, some minor adjustments were made to indi-
vidual nodal values after multiplying by the ratio of
(5.0/6.4) so that the sum of all the nodal demand values
exactly equaled the production of 5.0 gpm. The estima-
tion procedure described above and exemplified using
Network (A) and Network (B) was applied to each his-
torical distribution-system network for the Dover Town-
ship area (Plates 3—37) to derive demand-point values of
consumption at pipeline nodes for each of the 420
months of the historical period (1962-96).

Distribution of Historical Consumption

The procedure for estimating the nodal distribution
of consumption presented above assures that flow bal-
ance is preserved (that is, input equals output or total
groundwater-well production equals total customer
demand). However, underlying this method is the criti-
cal assumption that the spatial distribution of nodal
demand for any historical pipeline network will be pro-
portional to, if not the same as, the distribution of
demand for the present-day (1998) network. Such an
assumption does not account for changes in land-use
patterns during the historical period. Accordingly, if a
certain area of town in 1998 was designated residential
in terms of water demand, and if that area of town was
serviced by the historical water-distribution system,
would the historical pattern also have been residential,
or would the historical demand for water have been
characterized by a different land-use pattern, such as
industrial or rural? As previously discussed, the histori-
cal distribution of consumption was unknown. There-
fore, an additional analysis was required to establish the
validity of the assumption that land-use patterns, and
thus demand for water for a particular area or for a par-
ticular group of pipeline nodes, did not change signifi-
cantly over time in the Dover Township area.

A review of land-use classification and related land-
use data is a reasonable method of classifying water-
demand patterns over time. If land-use classification for
a particular area changed historically (for example, from
residential to industrial), then the water demand and the
distribution of water demand would probably reflect that
change. Historical land-use classification and zoning
maps for Dover Township were readily available for the
period 1957 to 1999.

A search for land-use classification and zoning
maps by the staff of Eastern Research Group, Inc.
(Leonard Young, written communication, March 21 and
April 23, 2001) resulted in ATSDR obtaining land-use
classification and zoning maps for Dover Township for
the following years: 1957, 1967, 1978, 1990, and 1999.
These land-use classification and zoning maps were spe-
cifically for Dover Township proper and did not include
areas outside of Dover Township serviced by the water
utility (for example, areas of Berkeley Township and the
Borough of South Toms River; see Plate 2). However,
because the areas outside of Dover Township proper ser-
viced by the water utility constitute a relatively small
percentage of the overall pipeline network, omitting
these areas from consideration (owing to lack of data)
did not compromise the analysis.

A total of eight classifications of land-use or zoning
types that historically characterized Dover Township
were portrayed on the specified maps: (1) central busi-
ness district; (2) highway business; (3) hospital-medical
service; (4) industrial; (5) office; (6) planned retirement
community; (7) residential; and (8) rural (Table 3; Plates
46-51). In order to determine land use for each positive-
demand node during the historical period, a land-use
classification associated with a particular land-use map
was assigned to each demand node based on its location
along the pipeline network. Once this was accom-
plished, a comparative analysis was conducted between
the present-day (1998) system (for which both metered
consumption and land-use classification data were avail-
able) and the historical pipeline networks to determine if
the land-use classification at demand nodes during the
historical period remained consistent or changed signifi-
cantly. The pipeline networks and land-use classification
and zoning map associations used in this analysis are
listed below:

* Present-day (1998) pipeline network: 1999
land-use classification and zoning map;

* 1996 pipeline network (last year of the histori-
cal reconstruction analysis): 1999 land-use
classification and zoning map;

* 1990 pipeline network: 1990 land-use classifi-
cation and zoning map;

* 1978 pipeline network: 1978 land-use classifi-
cation and zoning map;
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* 1967 pipeline network: 1967 land-use classifi-
cation and zoning map; and

* 1962 pipeline network (first year of the histori-
cal reconstruction analysis): 1957 land-use
classification and zoning map.

The association between pipeline nodes and land-
use classification could be firmly established for 1998
conditions and, thus, provided a present-day condition
to which the other historical pipeline networks and
related land-use map classifications were compared.

The land-use maps were digitized in order to create
databases suitable for analyses using a geographic infor-
mation system (GIS). Using these digital databases,
land-use and zoning classifications were assigned to
specific polygons or areas of land in Dover Township
using the GIS. For each year that land-use classification
and zoning maps were available, a spatial digital data-
base of demand nodes and related land-use classifica-
tions was created. A spatial analysis technique known as
a “spatial join”m was then applied to each database to
assign all pipeline nodes a specific land-use classifica-
tion. In the spatial join operation, any positive-demand
node that fell completely within a particular land-use
classification area, or polygon, was assigned the poly-
gon’s land-use classification attribute. This procedure
was used for each of the land-use and associated pipe-
line networks described above. Results of this part of the
analysis are presented as a series of maps (Plates 46-51)
that show the areal distribution of land-use classification
assigned to pipeline nodes for the years 1998, 1990,
1978, 1967, and 1962, respectively. Each positive
demand node displayed on the maps is assigned a color
based on one of the eight previously specified land-use
classifications. The three predominate land-use classifi-
cations that consistently appear are “Residential,”
“Planned Retirement Community,” and “Highway Busi-
ness.” A qualitative assessment Plates 46 through 51
indicates that the spatial distribution of land use is
highly consistent or nearly consistent throughout the
historical period. To quantify this observation, a com-
parative analysis was undertaken using the positive-

To conduct the comparative analysis, the total num-
ber of positive-demand nodes in the 1998 network
within the boundaries of Dover Township was deter-
mined and demand statistics were computed (total, max-
imum, and minimum). Results of this analysis are
presented in Table 3. Next, through the use of the GIS
querying function, the number of positive-demand
nodes and demand statistics for each of the eight land-
use classifications was determined for the 1998 distribu-
tion-system network. In Table 3, the sum of the nodes
(in the “Number of nodes” row) for all land-use classifi-
cations equals the number of nodes listed under the
“Total Network” heading, and the sum of demand (in
the “Total demand, gpm” row) for all land-use classifi-
cations equals the demand under the “Total Network”
heading. Values in the “Percent nodes” row for the 1998
network were computed using the following formula:

N

LU; g

%LU. =
i, 98 N98

x 100% )

%LU, g = the percentage of positive-demand
' nodes for the ith land-use
classification in 1998 (i = 1, ..., §),

Ny = the total number of positive-demand
nodes for the ith
classification, in 1998, and

land-use

NNgg = total number of positive-demand
nodes in the 1998 pipeline network
that occurred within the boundaries of

Dover Township.

Values in the “Percent demand” row for the 1998
network were computed using the following formula:

Ni 98
[jgl (DLUi’ 98)]]

demand nodes displayed on Plates 46 through 51. %D, gg = x 100% ®)
NNog
E (Dgg),
k=1
107 spatial join is defined as the merging of records
and attributes for unrelated yet overlapping data-
bases (Clarke 1999). where:
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%Di 05 = the percentage of positive-demand The values in the “Percent nodes” and the “Percent
’ nodes for the ith land-use demand” rows thus computed for the 1998 pipeline
classification in 1998 (i = 1, ..., 8), network, were used as the basis for comparison when
) ) similar computations were applied to specified historical
DLUl. 98 = demand, mn gallons per minute, for networks. Note, that these values and the related
’ nOde_S as§1gned the ith land-use percentages refer only to that portion of the 1998
classification, summed for the total network that existed within the political boundaries of
number of positive-demand nodes (j = Dover Township.
1, ..., N;,9g) in the ith land-use
classification in 1998, In Table 3, nodes assigned a land-use classification
. . . of “Residential” in 1998 account for 80% of the posi-
Dgg = demand, in gallons per minute, in the .
.. tive-demand nodes and 82% of the total demand; nodes
1998 pipeline network summed for the . . . w .
.. assigned a land-use classification of “Planned Retire-
total number of positive-demand . ..
e ment Community” account for about 9% of the positive-
nodes (NNgg) that occurred within the
. ) demand nodes and about 8% of total demand; nodes
boundaries of Dover Township, and . . . et .
assigned a land-use classification of “Highway-Busi-
N; g = the total number of positive-demand ness” account for about 5% of the positive-demand

nodes assigned the ith land-use
classification in 1998 that occurred
within the boundaries of Dover
Township.

nodes and about 5% of total demand. Thus, three land-
use classifications account for about 94% of the posi-
tive-demand nodes assigned to the 1998 pipeline net-
work and about 95% of the total network demand. This
finding is consistent with observations from Plate 46
that portray the areal distribution of positive-demand
nodes for the 1998 water-distribution system.

Table 3. Land-use classification analysis for present-day (1998) and historical pipeline networks,

Dover Township, New Jersey
[gpm, gallons per minute; — not applicable]

Network Cel_'ntral Highway Hosp_ital- _ . Pl?nned _ .
Total Bu.smf.-ss Business Medl_cal Industrial Office Retlreme_nt Residential Rural
District Service Community
1998 (Present-Day) Network?
Number of nodes’ 9,595 27 505 4 63 144 838 7697 317
Total demand, gpm 4,048.0 8.7 190.2 0.5 22.1 53.5 311.8 3,319.0 142.3
Maximum demand, gpm 9.0 1.2 9.0 0.2 1.2 32 1.6 6.1 6.0
Minimum demand, gpm 0.001 0.01 0.003 0.02 0.004 0.01 0.01 0.001 0.01
Percent nodes” — 0.3 5.3 0.0 0.7 1.5 8.7 80.2 3.3
Percent demand? — 0.2 4.7 0.0 0.6 1.3 7.7 82.0 3.5
1996 Network®

Number of nodes® 9,582 27 505 4 63 144 826 7,696 317
Total demand, gpm 4,042.2 8.7 190.2 0.5 22.1 53.5 307.0 3,317.9 142.3
Maximum demand, gpm 9.0 1.2 9.0 0.2 1.2 32 1.6 6.1 6.0
Minimum demand, gpm 0.001 0.01 0.003 0.02 0.01 0.01 0.01 0.001 0.01
Percent nodes’ 99.9 0.3 5.3 0.0 0.7 1.5 8.6 80.3 33
Percent demand® 99.9 0.2 4.7 0.0 0.6 1.3 7.6 82.1 3.5
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Table 3. Land-use classification analysis for present-day (1998) and historical pipeline networks,

Dover Township, New Jersey—Continued1
[gpm, gallons per minute; — not applicable]

Network Central Hiah Hospital- Planned
etwor Business |g. way Medical Industrial Office Retirement Residential Rural
Total T Business A .
District Service Community
1990 Network’
Number of nodes’ 8,619 26 476 4 56 145 535 7,089 288
Total demand, gpm 3,714.6 8.6 164.7 0.5 18.3 61.7 219.0 3,107.3 134.4
Maximum demand, gpm 6.1 1.2 5.8 0.2 1.5 4.1 1.6 6.1 6.0
Minimum demand, gpm 0.001 0.01 0.003 0.02 0.002 0.01 0.2 0.001 0.01
Percent nodes’ 89.8 0.3 5.5 0.1 0.7 1.7 6.2 82.3 33
Percent demand® 91.8 0.2 4.4 0.0 0.5 1.7 5.9 83.7 3.6
1978 Network!'?
Number of nodes> 5,928 105 291 7 82 88 370 4,933 52
Total demand, gpm 2,512.8 49.5 89.2 2.7 29.7 49.2 145.3 2,099.8 47.4
Maximum demand, gpm 6.1 1.7 3.7 1.1 1.5 6.1 1.5 3.1 6.0
Minimum demand, gpm 0.003 0.2 0.01 0.02 0.1 0.9 0.1 0.1 1.5
Percent nodes’ 61.8 1.8 4.9 0.1 14 1.5 6.2 83.2 0.9
Percent demand® 62.1 2.0 3.6 0.1 1.2 2.0 5.8 83.6 1.9
1967 Network'!
Number of nodes® 3,169 97 172 —12 52 12 209 2,612 27
Total demand, gpm 1,346.5 38.8 52.8 12 226 12 86.9 1,132.6 12.8
Maximum demand, gpm 3.7 1.7 3.7 —12 1.6 12 15 3.0 12
Minimum demand, gpm 0.003 0.1 0.003 12 0.01 12 0.02 0.01 0.1
Percent nodes’ 33.0 3.1 5.4 —12 1.6 —12 6.6 82.4 0.9
Percent demand® 333 2.9 3.9 12 1.7 12 6.5 84.1 1.0
1962 Network !’
Number of nodes® 1,688 65 102 12 115 10 12 1,396 12
Total demand, gpm 711.9 27.0 29.4 12 50.6 42 12 600.7 12
Maximum demand, gpm 29 1.7 22 12 0.4 0.9 12 2.9 12
Minimum demand, gpm 0.01 0.01 0.01 —12 0.01 0.03 12 0.01 12
Percent nodes’ 17.6 3.9 6.0 12 6.8 0.6 12 82.7 12
Percent demand® 17.6 3.8 4.1 —12 7.1 0.6 12 84.4 12
Does not include Berkeley Township and Borough of South Toms River areas serviced by water utility.
21999 map for land-use data.
3positive-demand nodes.
4Computed using Equation (7), see text.
5Computed using Equation (8), see text.
61999 map for land-use data.
7Computed using Equation (9), see text.
8Computed using Equation (10), see text.
91990 map for land-use data.
101978 map for land-use data.
111967 map for land-use data.
2Nodes were not assigned for this classification.
131957 map for land-use data.
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The next step in the comparative analysis was to
repeat the computations described above using the digi-
tal land-use classification and related demand-node
databases for the historical networks (1996, 1990, 1978,
1967, and 1962). For these networks, and for the related
entries in Table 3, the “Percent nodes” and “Percent
demand” values in the “Total Network” column were
computed relative to the number of positive-demand
nodes and the related demand computed for each land-
use classification for the 1998 pipeline network. For
example (Table 3):

* 1990 pipeline network—contained about 90%
of the 1998 positive-demand nodes and about
92% of the 1998 Dover Township demand;

* 1978 pipeline network—contained about 62%
of the 1998 positive-demand nodes and about
62% of the 1998 Dover Township demand; and

* 1967 pipeline network—contained about 33%
of the 1998 positive-demand nodes and about
33% of the 1998 Dover Township demand.

For each of the land-use classification columns and
for each historical pipeline network listed in Table 3, the
“Percent nodes” and “Percent demand” were computed
using the following formulas:

“Percent nodes’”:

LUi ,
%LU, . = -
L] NNj

x 100% )

where:

%LUi j percentage of positive-demand nodes
’ for the ith land-use classification and for
the jth historical network, (I = 1, ..., 8;

Jj=1996, 1990, 1978, 1967, 1962),

Ny, . = total number of positive-demand nodes
LJ for ith land-use classification and for the
Jjth historical network,

NNj = total number of positive-demand nodes
in the jth historical pipeline network
that occurred within the boundaries of
Dover Township.

“Percent demand’:

(;%J (DLU. ) )

=17 LJ

x 100% (10)

w
> @,

m=1
where:

%D . . = the percentage of positive-demand nodes
for the ith land-use classification and the
Jjth historical network, (I = 1, ..., 8; j =
1996, 1990, 1978, 1967, 1962),

D U, = demand, in gallons per minute, for nodes
LJ assigned the ith land-use classification
for the jth historical network, summed
for the total number of positive-demand
nodes in the ith land-use classification
for the jth historical network ( NN i j),

D. = demand, in gallons per minute, in the jth
historical pipeline network summed for
the total number of positive-demand
nodes (NN)) that occurred within the
boundaries of Dover Township, and

NNi,j = the total number of positive demand
nodes assigned the ith land-use
classification for the jth historical
pipeline network that occurred within the
boundaries of Dover Township.

The results of these computations for the historical
pipeline networks are summarized in Table 3. For the
“Residential” land-use classification, the “Percent
nodes” ranges between 80% and 83% for all historical
networks, and the corresponding “Percent demand”
ranges between 82% and 84%. The “Percent nodes” and
“Percent demand” for the “Planned Retirement” land-
use classification range between about 6% and 9% for
all historical networks. (This land-use classification is
not present for the earliest historical network, 1962.) For
the “Highway Business” land-use classification, the
“Percent nodes” and “Percent demand” range between
about 4% and 6% for all historical networks. Note that
the “Industrial” and “Central Business District” land-
use classifications, that potentially could have signifi-
cantly altered the historical distribution of demand,
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comprise an insignificant part of the overall historical
demand distribution both in terms of the number of
pipeline nodes and the magnitude of demand. Thus, the
major land-use classification types, “Residential,”
“Highway Business,” and “Planned Retirement Com-
munity,” have historically and consistently constituted
approximately 90% or more of positive-demand nodes
and total system-wide demand based on those nodes
located within the boundaries of Dover Township. Note,
because of similar water-use practices, the “Planned
Retirement Community” land-use classification could
have reasonably been combined with the “Residential”
land-use classification, rather than considered as a dis-
tinct classification.

As stated above, the land-use classification analysis
was not conducted for areas serviced by the water utility
that were outside the Dover Township boundary (por-
tions of Berkeley Township and the Borough of South
Toms River) because land-use classification and zoning
maps were not available for these areas. Historically,
these areas have been residential in their land use, being
primarily used for single family residences such as
retirement (adult) communities. Therefore, had land-use
classification and zoning maps been available to investi-
gators, pipeline demand nodes located in these areas
also would have been assigned a “Residential” or
“Planned Retirement Community” land-use classifica-
tion.

This land-use classification analysis has established
that the 1998 distribution of demand—based on land-
use classification that is spatially consistent through
time—historically, is probably a good estimator for the
spatial distribution of demand. Based on these results,
monthly databases of demand quantity (volume) and
demand distribution (location) were developed for the
entire historical reconstruction analysis period, 1962—
96.

HIGH-SERVICE AND BOOSTER PUMP-
CHARACTERISTIC CURVES

High-service and booster pumps are used to raise
the hydraulic head of water and increase the pressure in
certain parts of the water-distribution system. The repre-
sentation of these pumps in EPANET 2 is described in
the Users Manual and requires data derived from pump-
characteristic curves. Characteristic curves specific to
the water-distribution system serving the Dover Town-

ship area were derived from data supplied by the water
utility and from model calibration, and are described in
detail in Maslia et al. (2000a). Pump-characteristic
curve data in Maslia et al. (2000a) are provided in both
tabular and graphical format. The reader is referred to
these aforementioned reports for additional details. In a
subsequent section of this report, (“Methods of Analysis
and Approach to Simulation”), the representation of
high-service and booster pumps in the historical water-
distribution system networks is described in the context
of model design and simulations.

SYSTEM OPERATIONS

To simulate the distribution of water for each of the
420 months of the historical period, information regard-
ing the on-and-off cycling of wells and high-service and
booster pumps is required. This operations information
is input to the EPANET 2 program in the form of “Pat-
tern” and “Pump Control” data (Rossman 2000; Maslia
et al. 2000a, pp. 38-41). Prior to 1978, operational data
were unavailable and thus, an alternative approach was
required to determine system-operation parameters. The
approach selected for this study was the development of
“Master Operating Criteria” (Table 4).

Table 4. “Master Operating Criteria” used to
develop operating schedules for the historical
water-distribution system, Dover Township area,
New Jersey

Criteria

Minimum of 15 pounds per square inch,
maximum of 110 pounds per square
inch at pipeline locations, including
network end points

Minimum of 3 feet above bottom elevation
of tank; maximum equal to elevation of
top of tank; ending water level should
equal the starting water level

June 1 of year installed to meet maximum-
demand conditions

Wells and high-service and booster pumps
cannot be cycled on-and-off from 2200
to 0600 hours

Wells and high-service and booster pumps
can be cycled on-and-off at any hour

Wells should be operated continuously for
the total number of production hours,
based on production data?

Parameter
1

Pressure

Water level

Hydraulic device on-
line date

On-and-off cycling:
Manual operation

On-and-off cycling:
Automatic operation
Operating hours

lGenerally, for residential demand, minimum recommended pres-
sure is about 20 pounds per square inch. However, for some
locations in the Dover Township area (mostly in areas near the
end of distribution lines) lower pressures were simulated.

2See Appendix B (Tables B-1 through B-35) for production data
and Appendix D for hours of operation
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The “Master Operating Criteria” are explicit condi-
tions and standards based on hydraulic engineering prin-
ciples necessary to successfully operate water-
distribution systems similar to the one serving the Dover
Township area. From 1978 forward, for selected years,
operators of the water utility provided information
describing generalized operating practices for a typical
“peak-demand” (summer) and “non-peak demand” (fall)
day. These guidelines were used in conjunction with the
“Master Operating Criteria” to simulate a “typical” 24-
hour daily operation of the water-distribution system.
Prior to 1978, however, only the “Master Operating Cri-
teria” were used to simulate system operations.

Using the “Master Operating Criteria” (Table 4) as
guidelines, a 24-hour operating schedule was developed
for each month of the historical period. Daily opera-
tional variations including routine maintenance of sys-
tem facilities, repair of pipeline breaks, emergency fire
service, and other temporary interruptions of routine
operations over a “typical” 24-hour period were consid-
ered insignificant using this approach. Thus, the daily
system operating schedule was assumed to be represen-
tative of a “typical” 24-hour day for the month!!. A list
of monthly operating schedules, with details for the
selected years of 1962, 1965, 1971, 1978, 1988, and
1996, is provided in tabular form in Appendix C (Tables
C-1 through C-7). Information contained in these tables
includes initial water levels in storage tanks, the hours of
operation of wells and high-service and booster pumps,
the flow rate at which wells and high-service and
booster pumps were operated, and operational notes
indicating when wells were taken out of service by the
water utility.

A graphical representation of the on-and-off cycling
of wells and high-service and booster pumps for the
minimum-demand, maximum-demand, and average-
demand months for the aforementioned selected years is
presented in Appendix D (Tables D-1 through D-21).
The information in Appendices C and D was developed
using available data (Board of Public Utilities, State of
New Jersey 1962-1996), the “Master Operating Crite-
ria”, water-utility information (Flegal 1997 and Richard

UThis assumption—that system operations over a
month-long time period could be represented by a
“typical” 24-hour operating schedule—will be
tested in the “Sensitivity Analysis” section of the
report.

Ottens, Jr., Production Manager, United Water Toms
River, Inc., written communication, 1998), and simula-
tion results. Examples of historical water-distribution
system operating schedules for the maximum-demand
months of May 1962, July 1971, July 1988, and June
1996—taken from the tables in Appendix D—are shown
in Tables 5 through 8, respectively. These tables indicate
the hour-by-hour operation of wells and high-service
and booster pumps during a typical day of the maxi-
mum-demand month for the given year. Note, that in
1962 (Table 5), high-service and booster pumps were
not part of the distribution system and, therefore, only
groundwater wells were operated to supply demand by
discharging water directly into the distribution system
(wells 1315, Figure 8). In 1968, high-service and
booster pumps were added to the distribution system
(see section on “High-Service and Booster Pumps”).
From that year forward, some wells supplied storage
tanks, then high-service and booster pumps were oper-
ated to meet distribution-system demands (wells 21-30,
40, and 42; Figure 5); while other wells continued to
discharge directly into the distribution system (refer to
Tables 5 through 8 for details).

Groundwater Wells

The operating schedule for the earliest of the histor-
ical networks is relatively simple (for example, 1962,
Table 5). However, by the latter years of the historical
period (for example, 1988, Table 7), the operating
schedules became increasingly complex owing to the
number of hydraulic devices that are cycled on-and-off.
Information presented in Tables 5 through 8 and in
Appendix D demonstrate the increasing complexity of
system operating schedules. These tables are divided
into 24, one-hour time increments representing the 24
hours of a day (hour O is midnight and hour 12 is noon).
Furthermore, the tables in Appendix D (D-1 through D-
21) show the operating schedule for the three annual
demand periods (minimum, maximum, and average). In
1962, the Brookside well (15; see Figure 5 or Plate 3 for
location) was the primary well used for supplying the
water-distribution system, as the well was operated for
19 hours on a typical day during the maximum-demand
month of May (Table 5). By comparison, in 1988 (Table
7), to meet demand, four wells had to be operated for 20
or more hours each day. The Indian Head well (20, see
Figure 7 or Plate 29 for location) was operated for 20
hours on a typical day during the maximum-demand
month of July 1988, the Route 70 well (31) was oper-
ated for 22 hours, and the Berkeley wells (33 and 34)
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